Introduction
After years of evolutionary research on titanate and titania nanostructured material production, many technologies based on "bottom up" processes such as the sol-gel method [1] [2] [3] , chemical vapour deposition [4] , template method [5] , anodic anodization method [6] , and hydrothermal method [7] have been developed. However, from the viewpoint of their environmental impact and cost operation for largescale production, the hydrothermal method offers the best option since this method is simple, inexpensive, and efficient for obtaining products with high purity in both phases and morphology.
The hydrothermal method, based on wet chemistry method, is a versatile heterogeneous chemical reaction in the presence of a solvent, aqueous or nonaqueous, conducted in steel pressure vessels called autoclaves with or without Teflon liners under controlled temperature and pressure [8] . The temperature and the amount of solution added to the autoclave largely determine the internal pressure produced. Under the hydrothermal condition, it is possible to grow nanostructured metal oxides by dissolution and crystallization, thereby creating a distinctive difference in their characteristics at the nanoscale level [8] .
Even though the hydrothermal method has caught the interest of researchers to synthesize nanostructured titanate 2 Journal of Nanomaterials and titania materials, particularly the nanotubes, somehow the formation mechanism of the nanotubes hydrothermally is still debatable. Furthermore, different crystal structures and compositions have been presented to describe the nanotubes structure. Therefore, it is very important to study the actual mechanism of nanotube formation and to determine at which stage the nanotubes structure was formed. This in turn will determine the composition and phase structure.
Based on previous studies, researchers claimed that the nanotubes are form either during the hydrothermal process or during washing treatment with HCl and distilled water. In 2005, Lim et al. [9] reported that the nanotubes of TiO 2 are formed during the hydrothermal process. During the hydrothermal process at high temperature, the sodium cations (Na + ) residing between the edge-shared (TiO 6 ) octahedral layers can be replaced gradually by H 2 O molecules. The size of intercalated H 2 O molecules is larger than that of Na + ions, hence the interlayer distance becomes enlarged, and the static interaction between neighboring (TiO 6 ) octahedral sheets is weakened. Subsequently, the layered titanate particles exfoliate to form nanosheets. To release strain energy, the nanosheets curl up from the edges to form TiO 2 nanotubes.
Later, Peng et al. [10] proposed in their study that during alkaline treatment, anatase titania nanoparticles undergo delamination in the alkali solution to produce single-layer TiO 2 sheets. The TiO 2 sheet is an unstable structure due to its high surface-to-volume ratio or high system energy. At low treatment temperature (lower than 170
• C), TiO 2 sheets might fold up by epitaxial growth to form titania nanotubes. During further treatment at higher temperature (higher than 190
• C), titania nanotubes can self-assemble into a bundlelike superstructure of titania nanotubes.
Other researchers like Wang et al. [11] also found that tubes structure was formed during the hydrothermal process. They reported that during the reaction process, titanium dioxide reacts with NaOH forming layered alkali titanate. These layered crystals are very thin and easily exfoliate into individual nanosheets that are highly anisotropic in two dimensions. At a high pressure of 2 bars and a high temperature of about 150
• C, the layered structure would roll up into nanotubes due to surface tension. Nakahira et al. [12] reported that in the primary stages of hydrothermal treatment, the nanosheet-like products (layered sodium titanate) were preferentially formed and, subsequently, their nanosheets were exfoliated from layered sodium titanate, curled, and scrolled to nanotubes. Thus, the sodium titanate nanotubes were formed during these hydrothermal treatments.
Kasuga et al. [13] found out that titania nanotubes were formed after washing with distilled water and HCl aqueous solution. Kasuga proposed that the NaOH treatment broke some surface Ti-O-Ti bonds of the raw material, forming Ti-O-Na and Ti-OH bonds in their place. The subsequent acid washing destroyed the surface activation leading to dehydration of the Ti-OH bonds allowing the formation of Ti-O-Ti bond and (Ti-O· · · H-O-Ti). The Ti-OH bonds formed through this procedure were believed to form from the decreasing Ti bond distance on the sheet's surface during the dehydration process. A residual electrostatic repulsion from the Ti-O-Na bonds was believed to induce the ends of the formed sheet to connect, hence forming the tube structure of TiO 2 .
Besides [17] . Therefore, this study was embarked to evaluate the crystal structure and morphology of the products obtained after heat treatment of the as-synthesized samples at different pH values of washing solution. It can provide strong evidence about its original crystal structure and allow us to know when the nanotube structures were formed.
Methodology
2.1. Preparation. 2 grams of TiO 2 precursor powder (Merck) was dispersed in 10 M NaOH (100 mL) and was subjected to hydrothermal treatment at 150
• C for 24 hours in autoclave. When the reaction was completed, the white solid was collected and divided to two parts. The first portion was washed with 0.1 M HCl (200 mL) followed by distilled water until a pH 12 of washing solution was obtained. Meanwhile, a second portion was washed with 0.1 M HCl (200 ml) followed by distilled water until a pH 7 of washing solution was obtained. Then, the white solid was separated and collected from both solutions and subsequently dried at 80
• C for 24 hours. After drying, the obtained powder from pH 12 and pH 7 washing solution was named as-synthesized samples A and B, respectively. Subsequently, both samples were heated at 300
• C, 500
• C, and 700
• C for 2 hours in the air.
Characterization.
Energy-dispersive X-ray spectroscopy (EDX) analyzer was used for elemental analysis in the sample, while the morphology was studied using scanning electron microscope with GEMINI field emission (FESEM) and JOEL transmission electron microscope (TEM). X-ray powder diffraction (XRD) analysis was performed using a diffractometer D5000 Siemens kristalloflex with Cu K α radiation (λ = 1.54060Å). Scans were performed in the step of 0.2
• /second over the range of 2θ from 20 up to 80
• . Raman spectra were analysed using RENISHAW Invia Raman microscope and recorded in the range 100-1000 cm −1 . Thermal stability study of the sample was done using thermogravimetry and differential scanning calorimetry (TG-DSC) SDT Q600. precursor can be seen clearly in the TEM micrograph with the particle size being about 160 nm ( Figure S2 ). During the hydrothermal treatment, the titanium dioxide precursor (TiO 2 ) reacts with NaOH forming a highly disordered phase of Na 2 Ti 3 O 7 which is present in the layered structure form [18] . TiO 2 is an amphoteric oxide it can react as an acid or base depending on the pH of the solution. Since the reaction was carried out in 10 M NaOH (high pH∼14 and high basicity), TiO 2 acted as an acid to react with NaOH (alkaline) to produce layered titanate of Na 2 Ti 3 O 7 salt and water, H 2 O, according to the following equation [18] :
Results and Discussion
The layered-like structure of Na 2 Ti 3 O 7 was shown in the FESEM micrograph ( Figure 1 ) containing Na, Ti, and O as indicated by EDX ( Figure S5 ). After the hydrothermal treatment, the obtained product (layered titanate, Na 2 Ti 3 O 7 ) was washed with HCl (0.1 M) and distilled water. Washing plays an important role in controlling the amount of Na + ions remaining in the sample solution, thus influencing the bending of the layered titanate. Zhang et al. [19] stated that due to the imbalance of H + and Na + ion concentrations on the two different sides of the layered-like structure, excess surface energy and the layeredlike structure bends to form nanotubes.
In this study, washing was carried out until the pHs of the washing solutions was 7 and 12, respectively, and this will influence the amount of sodium remaining in the samples. Hence, EDX analysis was carried out to investigate the presence of sodium in the samples because it is vital in determining the thermal stability, phase structure, and morphology of the synthesized nanostructured materials. For comparison, elemental analysis for the sample obtained after hydrothermal process (without washing) was performed and that sample was found to consist of 45.93 wt% of sodium (Table 1 ) ( Figure S4 ). After washing till the pH 12, sodium content was found to be reduced to 10.46 wt% (assynthesised sample A) ( Table 1 ) ( Figure S5 ). It was shown that about 35 wt% of sodium ions has been exchanged with hydrogen ions. Meanwhile, when the sample was completely washed, with the pH of washing solution equal to 7 (assynthesised sample B), no more sodium was detected, which indicated that sodium ions were completely removed and exchanged with hydrogen ions during washing with HCl and distilled water (Table 1 ) ( Figure S6 ). Hydrogen cannot be detected by EDX, but nevertheless, theoretically, H + is extremely reactive chemically due to its very small size of only about 1/64,000th of the radius of a hydrogen atom and the fact that it exists as a free proton which makes it react immediately by exchange with Na + . Based on the density functional theory, the sodium ion can be replaced by hydrogen ion although the Na 2 Ti 3 O 7 structure is very stable [19] . This is possible since the sodium ions are only weakly bonded to the negatively charged Ti 3 O 7 2− layers. While the Na-O bond length in Na 2 Ti 3 O 7 is above 2Å, the bond length of H-O in H 2 Ti 3 O 7 is about 1Å. Therefore, the • C, (d) 500
• C, and (e) 700
• C for 2 hours.
hydrogen ion exchange process is irreversible. Furthermore elution strength of H + is larger than Na + ; therefore, the ion exchange between H + and Na + is possible to occur according to the following equation. Dissolution-crystallisation layered structure:
Ion exchanged during washing occurs as follows: 
Crystallisation for salt formation is as follows:
Crystallisation for titanate formation is as follows:
white precipitate in an aqueous solution Figure 5 : XRD patterns of (a) TiO 2 precursor, (b) as-synthesised sample B and after heat treatments at (c) 300
The ion exchange reaction occurred very fast as no electron pair was needed to be broken and the rate of the process is limited only by the rate at which ions can be diffused in and out of the exchanger structure. Thus, it was expected that the titanate product obtained in this study can be used as an ion exchanger due to the rapidity and efficiency of their actions. Furthermore, the ion exchange and structural properties of titanate allows for efficient ion mobility in the interstices and an open mesoporous structure for electrolyte diffusion. These features give rise to a high discharge/charge capability, high rate capability, and excellent stability, and this is one key requirement for lithium batteries.
In order to study the thermal stability of the titanate products, thermogravimetric and differential scanning calorimetry (TG-DSC) was performed in nitrogen atmosphere from room temperature to 1000
• C, with heating rate of 5
• C/min. Both samples show almost similar TG curves (Figures 2  and 3) , showing decrease in mass starting at room temperature until 700
• C, with total mass loss of about 22%. In general, the weight loss between room temperature till 100
• C is due to the removal of adsorbed water from the surface. When the temperature is further increased up to 200
• C, the intercalated water molecules such as dissociated molecular H 2 O, physisorbed molecular H 2 O and chemisorbed molecular H 2 O are removed. This also includes Ti-OH bonds within tubular structure [20] . Subsequently, a small weight Wavelength (cm −1 ) Figure 6 : Raman spectra of (a) TiO 2 precursor (b) as-synthesised sample A and after heat treatments at (c) 300
loss in the region of 200-700 • C was due to the dehydration of titanate nanotubes and transformation of phase structure.
On the other hand, the DSC graphs in Figures 2 and 3 show larger two endothermic peaks at 70
• C and 150 • C which are characteristics for the evaporation of different states of adsorbed water molecules. Few smaller endothermic and exothermic peaks at 600-700
• C are attributed to the transformation of morphology and phase crystal structures.
X-ray diffraction was carried out to study the crystal structure of the samples and effect of heat treatment on the crystal structure. The X-ray diffractogram patterns of the assynthesized sample A is shown in Figure 4 . The TiO 2 precursor shows a series of sharp and narrow peaks, the highest being 101 at 25.27
• , which is characteristic of the anatase TiO 2 phase structure (Figure 4(a) ). Meanwhile, XRD pattern of as-synthesised sample A and after heat treatment at 300
• C and 500
• C shows the presence of similar peaks which are identical to sodium titanate [21] (Figures 4(b) , 4(c), and 4(d)). Similar diffraction peaks suggesting the maintenance of the crystallographic and morphological structure up to 500
• C and this could be ascribed to the interlayer spacing typical for one-dimensional titanate structure [22] . Raman spectra of (a) TiO 2 precursors, (b) as-synthesised sample B and after heat treatments at (c) 300
After 700
• C heat treatment, emergence of new sharp and narrow peaks took place indicating that the crystallinity of the sample is increased. These new peaks can be assigned to sodium hexatitanate and titania anatase (Figure 4(e) ). The presence of sodium hexatitanate phase in the thermal products is a crucial phenomenon in understanding the structural properties of titanate nanostructures. It seems that at higher temperatures sodium titanates undergo a dimerization-like process leading to the formation of sodium hexatitanates. The basic difference in the structures of sodium trititanates and sodium hexatitanates is that the former presents a lamellar structure with Ti 3 O 7 2− corrugated layers and two interlamellar Na + ions [23] . Previously, Sauvet et al. [24] proposed that at higher temperatures sodium trititanates tend to fuse and the formation of Na 2 Ti 6 O 13 is the result of the "dimerization-like" process of Na 2 Ti 3 O 7 . The presence of Na 2 Ti 6 O 13 in the thermal products can be considered as strong evidence that the structure and composition of as-synthesised sample A are very similar to Na 2 Ti 3 O 7 and a general formula may be assigned as Na 2−x H x Ti 3 O 7 due to some of the Na + being exchanged with H + during washing treatment. (Figure 5(a) ). Meanwhile, XRD pattern of as-synthesized sample B ( Figure 5(b) ) is identical to hydrogen titanate, (H 2 Ti 3 O 7 ) [25] . For the samples after heat treatment at 300
• C, and 700 • C (Figures 5(c) , 5(d), and 5(e)), they show similar peaks which are assigned to TiO 2 anatase, but an increase in degree of crystallinity.
From the XRD analysis, it may be inferred that the composition and structure of the as-synthesised sample B is very similar to layered protonic titanate with a general formula that may be assigned as H 2 Ti 3 O 7 . After heat treatment at 300
• C or at higher temperature (≤700 • C) for 2 hours, H 2 Ti 3 O 7 decomposes to produce TiO 2 with anatase phase according to the following equation [25] :
It has been recognized that anatase TiO 2 is preferred because of its high photocatalytic activity, since it has a more negative conduction band edge potential (higher potential energy of photogenerated electrons). Anatase TiO 2 also has strong photoinduced redox power, thus it could be a superior photocatalytic material for purification and disinfection of water and air, as well as remediation of hazardous waste [26] . Furthermore, the with high surface area of nanostructured TiO 2 anatase increases the rate of a photocatalytic reaction, due to the presence of more active sites. The hollow structure of nanotubes can also potentially enhance electron percolation and light conversion, as well as the improved ion diffusion at the semiconductor photocatalyst-electrolyte interface [27, 28] . Therefore, synthesized nanostructured TiO 2 nanotubes in this study could potentially contribute to a high performance photocatalyst.
Further characterization was employed using raman spectroscopy. According to the factor group analysis, anatase TiO 2 has six raman active modes (A1g + 2B1g + 3Eg) [29] . Previously, Ohsaka et al. [30] studied the raman spectrum of an anatase TiO 2 single crystal and they identified six peaks which appeared at 144 cm 396 cm −1 (B1g), 516 cm −1 (A1g/B1g), and 639 cm −1 (Eg) were traced for the TiO 2 precursor (Figure 6(a) ). According to Bergeret al. [31] , the strongest peak at 143 cm −1 was attributed to the external vibration of the anatase structure, therefore it could be concluded that TiO 2 precursor is an anatase phase. This finding is in agreement with the XRD result, which showed that TiO 2 precursor is in anatase phase. In contrast, for as-synthesized sample A (Figure 6(b) ) and after heat treatment at 300
• C and 500 were observed. The broad peak at 280 cm −1 is assigned to the characteristic phonon mode of titanate structure [32] , while the peak at 446 cm −1 is assigned to the Ti-O bending vibration involving six coordinated titanium atoms and three coordinated oxygen atoms in the layered titanate structure [29] . After heat treatment at 700
• C, peaks at 280 cm (Figure 6 (e)) suggesting that the presence of anatase of TiO 2 and hexatitanate structures.
On the other hand, the as-synthesized sample B showed the presence of three peaks at about 280 cm −1 , 446 cm −1 , and 664 cm −1 (Figure 7(b) ). As reported previously, the broad peak at 280 cm −1 is assigned to the characteristic phonon mode of titanate nanotube structures [29] and the peak at 446 cm −1 is belongs to the Ti-O bending vibration involving six coordinated titanium atoms and three coordinated oxygen atom in layered titanate [31] . Meanwhile, the peak at 664 cm −1 is due to the Ti-O-H vibration [32] . Therefore, it could be concluded that assynthesized sample B is H 2 Ti 3 O 7 , which confirms the XRD result. After heat treatment at 300
• C for 2 hours, similar raman spectra (Figures 7(c) , 7(d), and 7(e)) with TiO 2 precursor (Figure 7(a) ) were observed, indicating that they are also TiO 2 in anatase phase.
The results obtained in this study clearly indicate that the structure of as-synthesised samples A (solid powder obtained after drying at 80
• C for 24 h of white solid collected from pH 12 of washing solution) and as-synthesised sample B (solid powder obtained after drying at 80
• C for 24 h of white solid collected from pH 7 of washing solution) are Na 2−x H x Ti 3 O 7 and H 2 Ti 3 O 7 , respectively.
Surface morphology of the samples was observed using FESEM and TEM. The FESEM micrographs of assynthesized sample A revealed the formation of a hairlike structure with ±10 nm in diameter (Figure 8(a) ). Further observation with TEM showed the existence of a hollow structure inside the TiO 2 tubule indicating that nanotubes structures were obtained (Figure 9(a) ). The inner and outer diameters of nanotubes are about 4 nm and 10 nm, respectively. After heat treatment at 300 and 500 • C for 2 hours (Figures 8(b) , 9(b), 8(c), and 9(c)), the samples still showed similar surface morphology with the as-synthesized sample, and thus revealing that there were no great influences on surface morphology of the nanotube structure at low annealing temperature (≤500
• C). This indicated that the nanotube structure of as-synthesised sample A was thermally stable up to 500
• C. However, when the annealing temperature was increased to 700
• C, the nanotube structure had completely transformed to nanorods. The nanorod (nonhollow structure) with ±65 nm diameter were formed due to the mobilizations of dissolved Na + into the nanotubes inner channel (as well as the boundary pores among nanotubes) and then recrystallized to form nanorods (Figures 8(d) and 9(d) ). The existence of sodium in the assynthesised sample A was shown previously by EDX analysis.
As-synthesised sample B also shows the presence of a hair-like tubular structure (±10 nm in diameter) (Figure 10(a) ) with the existence of a hollow space inside the tubular structure (±4 nm in diameter) (Figure 11(a) ).
Thus, the nanotubes with about ±4 nm inner and ±10 nm outer diameters were obtained. After heat treatment at 300
• C for 2 hours, there was no significant influence on morphology of the material (Figure 10(b) ). The nanotubes preserve their shape with their inner diameter being almost similar; however, their outer diameter increases up to 12 nm (Figure 11(b) ), due to the dehydration of intralayered OH groups [33] . Surprisingly, at 500
• C heat treatment, the morphology of the material was affected significantly. The tubular structures were broken to small segments due to destruction of the nanotubes. However, frames of the tubular structures were still visible (Figures 10(c) and 11(c) ). When the heating temperature was increased to 700
• C, the nanotube structure was completely destroyed and the individual tubes had formed into nanoparticle structures with particle size around 20 nm (Figures 10(d) and 11(d) ). This was probably a result of dehydration of interlayered OH groups which induced the change of the crystalline structure and destroyed the nanotubes structure to produce nanoparticles, when the temperature of heat treatment was higher [33, 34] .
The absence of the Na + in the as-synthesised sample B would cause the tube structure to be easily destroyed even after heat treatment at 500
• C. Sodium ion was reported to play an important role in pinning adjacent layers, thus Journal of Nanomaterials Figure 11 : TEM micrographs of (a) as-synthesised sample B and after heat treatments at (b) 300
• C, (c) 500
• C, and (d) 700
stabilizing the layered structure and tubular morphology [35] .
Conclusion
Upon hydrothermal treatment of TiO 2 in NaOH, a disordered phase with a layered structure was formed. This disordered layered structured phase transformed into titanate nanotubes after being washed with HCl and distilled. When the pH of washing solution was 12, sodium titanate nanotube was obtained. The obtained nanotubes were thermally stable up to 500 • C; however, at 700
• C heating treatment nanotubes transformed to the titanate nanorods; while when the pH of washing solution was 7, hydrogen titanate nanotubes were obtained. After heat treatment at 300
• C for 2 hours, hydrogen titanate nanotubes decomposed to produce titania nanotubes. After further heat treatment at 500
• C, the tubular structure broke to small segments due to destruction of nanotube and, at 700
• C, nanotube structure was totally destroyed and subsequently transformed to nanoparticle. Nanoparticles and nanotubes of titania obtained in this study have an anatase phase which is expected to be a high performance photocatalyst.
